Abstract: Constraint-induced movement therapy (CIMT), which involves restraint of the nonimpaired arm coupled with physiotherapy for the impaired arm, lessens impairment and disability in stroke patients. Surprisingly, immediate ipsilateral forelimb immobilization exacerbates brain injury in rats. We tested whether immediate ipsilateral restraint for 7 days aggravates injury after a devascularization lesion in rats. Furthermore, we hypothesized that ipsilateral restraint aggravates injury by causing hyperthermia. In experiment 1, each rat received two lesions, one in the motor cortex and one in the visual cortex. Ipsilateral restraint increased only the motor cortex lesion. In additional rats, no differences in core temperature occurred after ipsilateral or contralateral restraint. Thus, ipsilateral restraint does not aggravate injury by a systemic side effect. In experiment 2, we hypothesized that ipsilateral restraint causes hyperthermia in the region surrounding the initial cortical lesion. Brain temperature, measured via telemetry, was significantly higher (~1°C for 24 h) with ipsilateral restraint. A third experiment similarly found that ipsilateral restraint aggravates injury and causes local cortical hyperthermia and that contralateral restraint with externally induced mild hyperthermia aggravates injury. In conclusion, immediate ipsilateral restraint aggravates injury apparently by localized events that include hyperthermia. Caution must be exercised in applying early CIMT to humans, as hyperthermia is detrimental.
Introduction
Upper limb hemiparesis resulting from stroke is often treated with intense rehabilitation and long-term care (Taub et al. 1993) . Fine movements are especially difficult to perform and, unfortunately, traditional rehabilitation methods (e.g., encouraging compensation) often produce little or no functional recovery of the impaired side (Kalra 1994) . Con-sequently, stroke survivors become accustomed to performing daily tasks with only their good arm, and cease using their impaired side, which is known as "learned non-use" (Taub et al. 1993) . Constraint-induced movement therapy (CIMT) attempts to overcome learned non-use by restraining the good arm (e.g., sling), thereby forcing use of the impaired arm (Taub et al. 1993 ). In chronically impaired stroke patients (e.g., one year poststroke), CIMT administered daily for 2 weeks provided lasting improvements of motor function that transferred to the patients' everyday lives (Ostendorf and Wolf 1981; Wolf et al. 1989; Miltner et al. 1999) . Thus, the question arises whether CIMT provides further benefit if administered soon after injury, prior to the development of learned non-use, to prevent it from occurring. Additionally, the early poststroke milieu may be most favorable for rehabilitation-induced plasticity (Kleim et al. 2003) , accounting for the greater benefit of physiotherapy that is introduced soon rather than late after cerebral injury (Dombovy et al. 1986; Kwakkel et al. 1997) .
In rodents, unilateral injury to the forelimb sensorimotor cortex results in deficits comparable to human stroke (Cenci et al. 2002) . As in humans, delaying CIMT (ipsilateral forelimb restraint) for 7 days improves outcome in rodents after brain injury (Humm et al. 1998; DeBow et al. 2003) . However, CIMT administered immediately following electrolytic lesions (Kozlowski et al. 1996; Humm et al. 1998) or middle cerebral artery occlusion (Risedal et al. 1999; Bland et al. 2000 ) worsens brain injury and slows recovery. The implication that CIMT given soon after injury could worsen clinical outcome raises concerns because rehabilitation programs begin quickly in many clinical centers (Hamrin 1982) .
Several possible mechanisms for CIMT-induced exaggeration of injury exist. First, immobilization of the unimpaired forelimb causes a forced over-reliance upon the impaired forelimb (Kozlowski et al. 1996) . This over-reliance may increase depolarization of cortical cells in the injured cortex, resulting in exposure of neurons to toxic concentrations of glutamate (Kozlowski et al. 1996) . Alternatively, CIMT may cause a systemic side effect that aggravates injury. For instance, the CIMT procedure may elevate body temperature or increase glucocorticoids, which are detrimental after ischemia (Sapolsky 1992) .
Postischemic concentrations of extracellular glutamate profoundly affect recovery after ischemic injury and are affected by temperature. For instance, intraischemic hyperthermia inhibits reuptake of extracellular glutamate after ischemia and causes prolonged exposure of neurons to toxic concentrations of glutamate (Asai et al. 2000) . Previous studies examining CIMT following electrolytic lesions of the sensorimotor cortex (Kozlowski et al. 1996) and middle cerebral artery occlusion (Bland et al. 2000) report no temperature change in treated animals. However, large temperature changes can occur quickly (Corbett and Thornhill 2000) and may go unnoticed with intermittent and rare (e.g., one sample per day) measurement. Furthermore, local changes in brain temperature can occur during behavior and in response to various novel, stressful, and emotionally arousing stimuli (Kiyatkin et al. 2002) . This study tested the hypothesis that immediate CIMT worsens ischemic injury by inducing hyperthermia.
Materials and methods

Subjects
All rats were group housed until surgery and were maintained on a 12 h light:12 h dark cycle with free access to food and water. After the start of the experiment, they were housed individually. All procedures followed the Canadian Council for Animal Care guidelines and were approved by local animal care committees.
Experiment 1
Two unilateral right-hemisphere lesions of equal size (4 mm 2 ) were made, one in the motor cortex and one in the visual cortex of the same rat. If CIMT exacerbates injury by causing excessive neuronal activation due to increased behavioural pressures, then only the motor cortex lesion should increase in size and not the visual cortex lesion, which is presumably unaffected by motor-system activity. However, if CIMT causes a systemic side effect, such as whole-body hyperthermia, then both motor and visual cortex lesions should become enlarged in rats forced to use their impaired forelimb.
Surgery
Twenty-two male Long-Evans rats (250-350 g, University of Lethbridge, Alta.) received two 4-mm 2 craniotomies and devascularization lesions in the same hemisphere while under isoflurane anesthesia (in 100% O 2 ). The first was above the forelimb area of the sensorimotor cortex (1.5 mm anteroposterior, 2.0 mm mediolateral to bregma marked the front left corner), and the second was above the visual cortex (-6.0 mm anteroposterior and 1.5 mm mediolateral to bregma). Devascularization lesions were made by removing the dura and leptomeninges from the surface of the cerebral cortex using fine iris scissors and saline-soaked cotton swabs. This was followed by the lowering (1 mm from the ventral surface of the skull) of a 4-mm 2 box-shaped knife into the cortex, and not extending into the corpus callosum, to interrupt arterial blood flow. Importantly, we used the devascularization model to produce two equivalent stroke-like lesions in the same rat, which was not possible with traditional occlusive stroke models (e.g., suture or clip occlusion). Two of the 22 rats were excluded, one because of excess bleeding during surgery, and one because of self-removal of the cast prior to the end of the experiment.
Four additional rats had sterilized core telemetry probes (model TA1OTA-F40; Data Sciences, St. Paul, Minn.) implanted into the peritoneal cavity 4 days prior to devascularization surgery. For 7 consecutive days following injury, temperature was sampled every 30 s and recorded by an automated system (DQ3 System, DataSciences) previously described in detail (Colbourne et al. 1996) . These rats received lesions to the motor cortex only and either ipsilateral or contralateral forelimb casting (N = 2 each).
CIMT procedure
Immediately after surgery, all rats were randomly assigned to receive either an ipsilateral cast (nonimpaired forelimb was restrained; IPSI; N = 10) or a contralateral cast (the impaired forelimb contralateral to the lesion was restrained; CONTRA; N = 10). A plaster cast, which remained in place continuously for 7 days, was wrapped around the upper torso and the selected limb of each rat to form a onesleeved jacket that was padded with soft cotton gauze (Jones and Schallert 1994; Kozlowski et al. 1996) . Rats in the IPSI group were thus forced to use their impaired limb, whereas CONTRA rats used their nonimpaired limb for feeding, grooming, and walking during the casting period.
Experiment 2
We examined whether CIMT immediately following injury caused an increase in brain temperature. Brain temperature was measured just anterior to the initial cortical lesion and was sampled every 30 s with the DataScience's ART 2.2 system (DeBow and Colbourne 2003a).
Brain probe implantation surgery
A cannula-and-hub method (Malkinson et al. 1977; Colbourne et al. 1996; DeBow and Colbourne 2003a ) was used to place and secure the sterilized thermocouple tip of a brain temperature telemetry probe (either model XM-FH or VM-FH, Mini-Mitter Co. Inc., Bend, Ore.) ( Fig. 1 ) directly into the brain tissue just anterior (~0.5-1 mm) to the initial cortical lesion. Prior to surgery, a 20-gauge guide cannula (5 mm in length) was secured with dental cement and three metal screws to the centre of a 1-cm-long plastic tube (3 mL syringe) (Fig. 1B) . The tube protected the brain probe ( Fig. 1A ) and prevented damage from the rats' daily activities (e.g., grooming, sleeping).
Four days prior to the devascularization lesion surgery, a 4-mm 2 craniotomy above the forelimb area of the sensorimotor cortex was made and the brain probe was inserted into the tissue. The brain probe apparatus was secured to the rats' skull with three small metal screws around the base of the syringe. A small portion of the head cap formed a 4-mm 2 protrusion extending 1 mm from the surface of the skull to replace the bone (Fig. 1) . Therefore, only the shaft of the brain probe descended through the cannula and the temperature-sensitive tip resided in the cortex (3 mm from the surface of the brain).
Surgery
Twenty-six male Wistar rats (250-350 g; Charles River, St. Constant, Que.) were used. Under isoflurane anesthesia (1.5%-2% maintenance in 30% O 2 and 70% N 2 O), the brain probe apparatus was temporarily removed, followed by a devascularization lesion similar to that in experiment 1. However, instead of using a box-shaped knife, a scalpel blade was used instead. Also, visual cortex lesions were not made in this experiment. Immediately following injury, the head cap and brain-telemetry probe were reattached to the skull and remained in place throughout the casting treatment (7 days). Five rats were excluded because of excessive bleeding during surgery, and two rats were removed because of premature head cap removal, leaving a total of 19 rats in this experiment.
CIMT procedure
Rats were randomly assigned to receive either IPSI (N = 10) or CONTRA (N = 9) restraint immediately following the motor cortex devascularization lesion. For experiment 2, however, a tensor bandage (Coban™, 3M, London, Ont.) was wrapped around the abdomen and the appropriate limb of each rat in lieu of the plaster cast used in experiment 1.
The tensor bandage method was used to reduce the risk of damage to the brain probe, as the bandage is significantly lighter and more flexible.
Experiment 3
We tested whether mild hyperthermia would aggravate injury in rats allowed to use only their good limb (CONTRA-HOT) versus rats in the IPSI and CONTRA groups, whose temperatures were not regulated. Brain temperature was forcibly increased in these rats with heating lamps (175 W) and a telemetry feedback system (DeBow and Colbourne 2003a). This servo-control system compared the rat's current brain temperature with the desired temperature and activated the lamps when the rat was cooler than desired. The postinsult temperature elevation mimicked that found for the IPSI rats in experiment 3.
All rats (Wistar, Charles River) received a head cap placement, followed days later by a devascularization lesion as described in experiment 2. Following lesion surgery, rats were randomly assigned to receive either IPSI restraint (N = 13) with no temperature regulation, CONTRA restraint (N = 12) with no temperature regulation, or CONTRA restraint with temperature regulation (CONTRA-HOT; N = 16). Forelimb restraint was achieved with the tensor bandage method used in experiment 2. Brain temperature was regulated in the CONTRA-HOT for the first 24 h following injury, as this is the period most sensitive to hyperthermia and because group differences dissipated thereafter. Temperature was elevated approximately 1°C (36.0-37.2°C) over the first day postinjury. Brain probes were removed 4 days after devascularization to prevent damage to the probe, but restraint treatment lasted 7 days.
Histology
All rats were euthanized with sodium pentobarbital (80 mg/kg) 60 days after devascularization surgery, and then perfused with saline followed by 10% neutral buffered for- The head cap is made from a cut-off length of a 3 mL syringe, a 20-gauge guide cannula (centre), screws, and dental cement. The brain temperature probe extends through the cannula, which places the temperature-sensitive tip of the shaft into the cerebral cortex. The cap was secured to the skull by three small screws in the locations indicated by the arrows (B). This design allows the whole apparatus to be removed and replaced easily. Bar = 1 cm.
malin. Forty-micrometre coronal sections were taken with a cryostat every 200 µm throughout the extent of the lesion(s). Slides were stained with cresyl violet and the total size of lesion was quantified in relation to the normal, undamaged hemisphere (using Scion Image J 4.0, Scion Corporation, Frederick, Md.) as the average (across equal number of sections per animal) of the following: (remaining tissue of lesioned hemisphere/remaining tissue of nonlesioned hemisphere) × 100. This value then indicated the percent of tissue remaining (i.e., smaller values denote bigger lesions).
Statistical analysis
Lesion size was assessed using ANOVA and planned comparisons (in experiment 3 only, as the others had only two groups). Postischemic brain and core temperature recordings were analyzed using ANOVA (experiments 1 and 2) and planned comparisons (experiment 3). All variance terms are the standard error of the mean.
Results
Experiment 1
Two months following injury, the IPSI group had a significantly larger motor cortex lesion (91.83% remaining ± 1.5%) than the CONTRA group (96.03% ± 0.77%; p = 0.026). Visual cortex lesions did not differ significantly in size between IPSI (93.6% ± 1.55%) and CONTRA groups (91.5% ± 1.17%; p = 0.308). Core temperature also did not differ notably between IPSI and CONTRA rats ( Fig. 2A) . For instance, the 24-h averages on day 1 were 37.6 ± 0.02°C and 37.6 ± 0.002°C in the IPSI and CONTRA groups, respectively.
Experiment 2
The IPSI group had significantly larger lesions (92.6% ± 1.2%) compared with the CONTRA group (96.7% ± 1.4%; p = 0.044). Brain temperature measurements revealed that the IPSI group (36.7 ± 0.1°C) had significantly elevated brain temperature compared with the CONTRA group (36.0 ± 0.2°C) for the first 24 h following injury (p = 0.004; Fig. 2B ); thereafter, temperatures were similar.
Experiment 3
The IPSI group sustained significantly more injury (84.4% ± 0.6) than the did the CONTRA group (87.8% ± 0.6%; p = 0.003). The CONTRA-HOT group also had significantly larger lesions (84.2% ± 0.9%) compared with CONTRA rats (p = 0.001) but did not differ significantly from IPSI rats (p = 0.875). Temperature profiles (Fig. 2C) for the first 24 h postinsult of CONTRA rats (36.5 ± 0.2°C) were significantly lower than CONTRA-HOT rats (37.0 ± 0.1°C; p = 0.031) and near significance compared with the IPSI group (37.0 ± 0.2°C; p = 0.068).
Discussion
Immediate postinsult CIMT (IPSI group) increased histological injury in three separate experiments. This effect is apparently not due to a systemic side effect, because only the motor cortex lesion and not the visual cortex lesion was exacerbated in experiment 1. Moreover, aggravation of injury was not due to whole-body hyperthermia, as no notable core temperature differences occurred between groups (also see Bland et al. 2000) and the visual cortex lesion was unaffected. However, a localized and prolonged (~24 h) hyperthermia of up to 1°C occurred in rats forced to use their No difference in core temperature between IPSI and CONTRA rats was found for 7 days following injury (experiment 1). (B) In experiment 2, brain temperature was significantly higher in IPSI rats compared with CONTRA rats for 24 h following injury. (C) In experiment 3, IPSI rats had higher brain temperatures than did CONTRA rats for 24 h. Brain temperature in CONTRA-HOT rats was forcibly elevated above CONTRA rats to match that in the IPSI rats. Temperatures beyond this time were similar and well within the normothermia range, which averages approximately 36.6°C (Colbourne et al. 1999b (Colbourne et al. , 1999c . impaired limb (IPSI restraint) beginning immediately after the insult. This CIMT-induced hyperthermia appears responsible for the deleterious effects of early CIMT, because forcibly increasing the temperature of CONTRA rats resulted in a similar exacerbation of injury as in the IPSI group (i.e., CIMT treatment). The impaired forelimb was immobilized in both the CONTRA and the CONTRA-HOT groups and, thus, it appears that hyperthermia alone (vs. increased behavioral demand) exacerbates injury.
Immediately following unilateral motor cortex injury, rats depend largely on their good limb, such as using it as a "crutch" for weight-shifting movements during normal exploration (Schallert et al. 1997) . Thus, forcing rats to use their impaired forelimb probably increases neuronal activity in the injured and surrounding motor cortex. Movementrelated neural activity is metabolically expensive, and is accompanied by heat production in activated brain regions (Kiyatkin et al. 2002) . Hyperthermia markedly worsens outcome after ischemic brain damage (Ginsberg and Busto 1998) . Thus, it is not surprising that the IPSI treatment, which caused hyperthermia, aggravated the cortical lesion (i.e., killed penumbral neurons).
There are several limitations of these studies that warrant consideration. First, whereas the lesion sizes were similar in experiments 1 and 2, rats sustained more damage in experiment 3. We cannot explain this effect, as there are several methodological differences (e.g., rat supplier, restraint method) among the studies, which were performed over three years. Nonetheless, similar conclusions were obtained in all studies. Second, temperature was sampled in one cortical location, and not all of the recruited tissue may have sustained the same hyperthermia, or neuronal activity, during CIMT treatment or induced hyperthermia. The only way to determine this is to measure from many cortical locations with a large array of thermocouple probes in awake and mobile rats. This is not yet possible with telemetry probes because of signal interference, and telemetry is our preferred method because it minimizes stress. A third consideration is that externally induced hyperthermia might itself increase neuronal activity and other deleterious events (e.g., alterations in metabolism or blood flow) that then kill additional tissue. Indeed, hyperthermia elevates glutamate levels after ischemia (Ginsberg and Busto 1998) . Fourth, assessing whether prevention of hyperthermia in the IPSI rats would lessen injury is an additional test of our hypothesis. Unfortunately, this was deemed too problematic. Antipyretics would not lessen the hyperthermia occurring after IPSI casting, because the hyperthermia is probably due to increased neuronal activity, and forced external cooling is perhaps too stressful (e.g., transiently elevating blood pressure (MacLellan et al. 2004) ). In addition, treatments aimed at blocking neuronal activity (e.g., GABAergic agonists, N-methyl-D-aspartate (NMDA) antagonists) are similarly confounded (i.e., less neuronal activity means lower temperature). As well, drugs, such as MK-801, that have been used to limit neuronal hyperactivity after CIMT (Humm et al. 1999) , might cause hypothermia (Colbourne et al. 1996) , and hypothermia reduces cell death (Colbourne et al. 1997) . Fifth, the cause for the eventual normalization of brain temperature in IPSI versus CONTRA rats is unknown but may relate to changes in behavior (e.g., less use of the contralateral forelimb) that were not determined or to the eventual loss of the tissue into which the temperature probe was initially situated. Sixth, despite the parallels between forelimb restraint in rodents and CIMT in humans, there are important differences. Notably, forelimb restraint in the present study was carried out for 24 h per day, whereas the therapy usually lasts only for 6-12 h per day in humans. Humans also receive additional rehabilitation exercises, which may cause even greater temperature rises. For instance, rodents subjected to novel environments or procedures experience stress-induced fevers of approximately 1°C above body temperature (Colbourne et al. 1998; Clark et al. 2003) , and this fever is detectable with both core and brain temperature probes. Such fevers might further aggravate injury. Finally, the lesion we used, which allowed us to make two well-defined lesions in the same brain, has several important differences from occlusive stroke in humans. These differences include, among other things: (i) the need for a large craniotomy, (ii) removal of meninges and the vasculature, and (iii) the use of a knife cut. Accordingly, CIMT procedures may differentially affect other more clinically similar types of cerebral insults.
Considering all of these issues, we conclude that ipsilateral limb restraint, which is somewhat analogous to CIMT in humans, causes hyperthermia in rats sufficient to aggravate injury. Our data do not argue against a usedependent exacerbation of injury with the immediate use of ipsilateral casting, which was first postulated by Schallert and colleagues (Kozlowski et al. 1996) . Instead, the rise in temperature associated with ipsilateral forelimb restraint appears to result from elevated neuronal activity, and it is probably both the hyperactivity and its resultant rise in temperature that enlarge the cortical lesion. Regardless, our results do not exclude other deleterious effects of ipsilateral forelimb restraint that may act independently to aggravate cortical injury.
The important clinical implication of this research is that very early CIMT in stroke patients may be contraindicated because of elevating brain temperature, which in human stroke victims is associated with worsened outcome (Ginsberg and Busto 1998) . Fortunately, both clinical and rodent research shows that delayed CIMT is functionally beneficial. Even a recent clinical study found no harmful effect of initiating CIMT at 1 week after stroke (Dromerick et al. 2000) . Furthermore, even with earlier intervention, it is unlikely that CIMT would be applied in a manner (e.g., long duration, intense rehabilitation exercises) sufficient to aggravate injury during that critical early period. Nonetheless, we urge caution in applying CIMT at early times (a week or less). First, CIMT might improve functional outcome in spite of increasing brain damage as found with an environmental enrichment treatment after focal ischemia in rats (Risedal et al. 1999) . Notably, not one clinical CIMT study quantitatively assessed brain injury. Second, the period of neuronal vulnerability depends upon the type, severity, and location of the cerebral insult. Clearly, the maturation of cell death, and presumably the vulnerability of this tissue to exacerbated damage, varies with insult duration in rodents subjected to global (Colbourne et al. 1999a ) and focal ischemia (Du et al. 1996) . We predict that CIMT would aggravate severe insults only when applied in the first few days, as most injury is complete in this time, whereas CIMT may worsen injury much later after milder insults wherein the injury occurs over a longer period. Finally, neuroprotective interventions often postpone some cell death (Dietrich et al. 1993; Valtysson et al. 1994; Colbourne et al. 1999a ). Thus, a prolonged period of vulnerability may exist in treated animals. This was recently shown with the use of delayed transient ischemic attacks (TIAs) given after earlier hypothermia neuroprotection (DeBow and Colbourne 2003b) . In that study, TIAs, which on their own did not cause CA1 sector cell death, killed some previously salvaged neurons. In another study, hippocampal CA1 neurons, previously rescued with ischemic preconditioning, were killed by environmental enrichment applied 3 days after injury (Farrell et al. 2001) . Accordingly, some neural tissue may remain persistently vulnerable in patients treated with neuroprotective agents. That tissue may be susceptible to aggressive rehabilitation therapies.
In summary, our data show that that CIMT initiated immediately after injury worsens cortical injury in a model of stroke in rat. Furthermore, systemic side effects (increased core body temperature) do not account for the aggravating effect of immediate CIMT, which instead apparently results, at least in part, from a localized, activity-dependent, cortical hyperthermia. Thus, CIMT and perhaps other rehabilitation therapies should be delayed to avoid the sensitive period when hyperthermia aggravates injury. Unfortunately, this period is not clearly defined. Traditional rehabilitation strategies applied early after untreated stroke enable the greatest functional recovery (Dombovy et al. 1986; Kwakkel et al. 1997) , while less benefit occurs when the therapy is delayed for months (Andrews et al. 1981) . Thus, rehabilitation treatments must start early enough to take advantage of poststroke cerebral plasticity, but not too soon to kill vulnerable tissue.
